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I lutiHuUu’t itin 

ITi'Jniiiry K“'‘l ^ ^'' '‘ P'‘>’*'y iimiiiuu' 

t\w vavJuuw nuululaUtui/iUwnltUaUim taalinltiuya ilwu arti wuHablr lor nao mi 
radio and Matollito oonmiuioaLUm llnka. Thirounlionl # *lio omphaaia will In* mi 

(1) Analytical cliavai't.i*rlv',atJ on oT tho modiilai Ion lochniqno and 
ItH HiuH'tral m'.cnpmicy, 

'2) Structuro and Itniiloniontalion ol tlio opt<mum Unniodulator, 

(3) Hvvor probability porl oriiwiiicu of tlio luodul ation/diMiiodulatlon 

for tlK' Idoal Unoar addllivo white (JanwHlan nolai* ohmuiol model. 

Forward error correction with block and convolutional codea will ulao be din- 
cuHsed alonp, with conoatunation coding techulqnea. The uae of coding with the 
varioua modulatioiiH dlscuHHud will be examined by the evaluation of computa- 
tional cutoff rate paraiue.tera 111. 

In nummary, Fart 1 will provide the neccHnary background material lor latei 
partH of thin report that will emphartir.e new modulation/demodul ation lechnlqucH 
for both linear and nonlinear satellite channel models. 


2 . 0 System Overview 

ge‘‘ore examining the. demils of various modulation and coding techniques 
it Is imporlant Iv' discuss smne basic characteristics of digital daia tians- 
mission systems. This includes the chacacter 1 ^^atlon oi the ph.ysical comimmica- 
clou links, tlie neiioii of bandwidth including the Ff.C regulations, ami per- 
tormance measures sueh as hit rates, bit error prohahl 1 ! ti es , ihroui'hpuls , and 

de lavs. 


2.1 T r t in sm I t t^i:,r/jUa; elver Sy stem 

Figure 1 shows the basic components -t a digital data transmission svsl'm. 
Only the Uansmitlec is shviwn liere since the receiver meri'ly reverses ihe 
proe.esslng oi the transmitter. Tlie most imi>o'‘tant part oi digital data t rans 
mission systems are the medulailon and coding subsystems. These two work 
together to determine the basic periormance oi saiellite and terresu lal radio 
links, tither parts shown here can In- designed independent et the imnlnlatlon and 

ending . 
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FKOM OTHER ' QURCES 



FlRuro 1. Digital Data Tramviiiisri Lon Systam 
2.1.1 S^u rcu e luding 

Tlia origlnil nourcas auah aa vaioa, TV, or aomputor data muat first la 
convartad Into digital data symbols sultabla for transmission. Typioally. the 
transmission symbols ara binary. This sourca ancoding proo.ass allows many 
divarsa tyiu's of souraas to shara a aimimon aoimminlaation link. Analog souraas 
suah as volaa raguira data aomprassion taahni<iuas whiab Involva soma signal dis- 
tort tons. Souraas alraady in digital form, sviah as aompntar outputs, may 
iHHiuira radundanay radnaing algoriUims. UanaraMy whan tliasa, various sonraa 
anaoding taalmiquas ara dona affiaianily tlu' rasnlting data bits for transmission 
appaar as aqnal pr(d>al)lo indapandant binary ssmbols. 

2 . 1. 2 

To pii>taat tha data from nnanthorli'.ad usars tha data aan ba anaryptad. 
Typiaaily, this is a ona-to-ona mapping of binary saquanaas ti' binary saquana.as 
wliiah ia(|ulra knowladga of a "kay" to mai) baak from tha anaryptad data bits to 















(Ilf data bit a. 'i'lia li.ita Knciyiit ion Stamiani (Dbfi) 1 J and tiu' IHiblli 

Kfy t:ry|it oKyatiim (I’KC) I 'M am curn-m ly two hiybJy annim ayHlonm lliat am 
l oinnionly cntiH hUTotl . Tlio UI'^S HyaUnn m^nj ro n dj hi I’i bnl i on ol Uoya wlior'niH tlio 
I’KC! aynlt'iii ri'<)nlri‘H a ooiiunon public l!lu*ary o( cncvypi Ion Innctlona. (!i>rmnily 
(bi‘ IiIkIi npcod o|UM’al (on ol UI'IS inakoH It di'ali’ahlc for iiiont applicationa wlillt’ 
the I'Kd ban been proponed an a key dint r Ibnt Jun Hyntem I'or llie DKS MyHteni. 

ii. 1 ,'i (dijimie l_ a nd I nl erieavini '. 

To aidileve lil j'.h rel ialvLIlly, channel codlnp, may be reipiired. Tlda, of 
conrae, depinuls on the bit error pndiabillty reqnl rementa . Typically i'or b^iK bpa 
1H!M digitized voice only lO”^ hit error probabilltie.H are required wherouH 
computer mufiHiq;eH may reipri re 10 or lower bit error probabll itioH . For Home 
chamudH wilb memory an interleaver may be required to aid the coding techniciue. 
MoHt common codeH are eri'ective for independent channel dlHturbanccH and the 
inter! eavinj’/dcinterl eaviiijt proc.esH helpH convert ite.|>endent channel diHturbanceH 
to independent oncH. 

2 . 1 . 1'l Muj. tipi oxint; 

Other uners may nhare a coiiunon communication link. The. mill tipi exiny 
operation merncH neverai data Htreaiiib into one data seiiuence for tranBinibHlon. 
Time diviaion multiplexing (TDH) is the moat common form. 

2.1.5 Modul ation and Spectru m Spread ing 

T’he modulator converts digital data sequences into waveforms that are 
suitable for transmission over the communication channel. The modulation 
wavefi.rm bandwldths, bit error rates, and data rates arc typical ])eriormance 
measures of mi>dulation techniipies. 

For military applications wide bandwidth si>read spectrum waveforms are 
olten used. Although inefficient in bandwidth uLillxatlon tliese techniques 
jiroLeet the communication system from intentional iaimulng 14]. Also, it ino~ 
vides proLiictJon against multipath in radio links. For tliese reasons the 
spread spec t turn wave t onus li.ive been proposed for packet radios and cciiimercial 
mobile radios. Tliey are not practical lor most oilier I’ommerc I a I digital 
coimnun ical Ion syst.i’ins , 
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Miulu 1 .11 I nil in i v l«u .ill il.il ,i I i .iiisiiii nn i iiii nsnlcmn. 

( in'Iili i i|ii(‘(i Will |i I lii'i willi iiii'tlii 1 ,1 1 I nil In Iiiiim>>v<' ni’ni.iM Ml mi.ii i.ilnn, 
Tlinni' I wn h.iiiin |i.ii|;i nt | lin nvMlnm .'ilinwii in I'i^inin i will |m llin inniin nl 
|).ii I I, 


rnimmiiiin.il Inn I'li.niiin I .s 


riu' itnni^'n .iiul .in.i I v;i I s nl .ilmnnt .ill s.iinlllln .iinl I ni i nni i I ,i I nnimmin I n.i 
linn svntnms am Immi'iI nn lln> aiUllllv*' wlilln ransnl.in iinlsn nli.iinii'l imxlnl. 

Tills iiindnl anniit'.il n I v nliar.int nr I .ins I lin I innt niiil innnivni nnisn lli.it .ilw.ivs 
n\lsts ilin' In r.iiiilniii nUs'l i'i>n iiint Inn.s ainl as siinli is t t'liii'nr.il n vn itn|>nn<lniil . 

I■‘l^\n^■n ;'a slu'ws tills IiUmI »‘liamu'l iiuslnl wlilnli .issiuiu's i ln> nnisn si>nnli iiiii Is 
api'ins I m.it n 1 V ll.it nvnr t lin sir.nal w.ivninrm liaislwitll li, Tlirniij'Jinnt [Mil I, wi‘ 
.issitiiii' tills I lin. 1 1 AWCN nliaiinni iiimlnl. 

Ill iiianv I n.i I nniiitiiiiii i I'.'i I Inn nliiinnnl.s timin' .irn v.iriniis Inims i»1 intnilnv 
.'linns .IS slu'wn In l•'i^'.tl|•^' .'b. I nl ni sviiilm 1 I nl I'r I «'i .'in.' . imi 1 1 I iMl h . ,ni.l -.'li.iiiii.' 1 
lilt nil .'ii'iin.' .Ill' innsl .'niiimniilv I'li.'ininl .'i .'.I In .-nimn.'i .• I .i I .‘.Miiimiiii.Ml Inn .'li.nin.' 1 s . 
Ill .ilmnsi .ill .'.'isi's, li.iwi'Vi'r, i li.' nnmi.umli'.ii Inn svsl .'iii .l.'sljni is Isisi'.l nn 111.' 

1.1. 'al .nlilii i V.' v.'lilli' (!anssiaii nnls.' li.iiiii.' 1 , Tills Is I'.iillv .liin In t Im l.i.'l 
I li.il .1.';: I .’,n I II)'. svsl. 'HIS a.la|>l I'.l t .. .'a.'li sp.'nlli.' .'Iiaiin.'l is n.>l i>i,i.'i l.-.il. A 
)'n.sl .i.'iii)'.n shnnlil In' rnlnist nr tint Inn sniisitiv.' tn s|n'.'illn nli.iniii'l mniii i I Inns . 
t'.'.iinn I .’.hni.iii.'S tviil.-allv '.ii.iUn I Ii.' nv.'iall nniiiimini .'.il Inn .vsl.m m..rn rnlnist 
. 111.1 ,i|i|n tn I'.'i lnrui w.'ll in a wi.l.' i .ni)'.n .>1 nnir l.l.'al nli.uin.'ls. 


Till' sat .' 1 1 1 1 .' .'Ii.iiin.' I slsiwii In l''l)',iir.' A lias .in iii'liiik, sat.'llit.< t r.ins 
I'.'iiil.'i, aiul .InwnMnk, Tvi'l.'.illv t li.' in’link is .in Int .'il I'l.'iun nli.mn.'l .is 
slinwn ill Ti)‘,nii' ;^’l< will I.' t lin .l.'wiillnk lias l.'ss Int I'll I'l.'iin.' .'x.'.'i'i I'.'SsiMv 
i-n nhauiu'l liil I'r I ♦'ii'iii'.'. Tlu' satt'lllti' t r.inspnn.li'r Is b.isl.'allv .ni .imp I i I I .'i 
with appi i.pi i al I' 1 Minis. A .satnilltn systnm usually .'nnsists nl s.'vnral sn.'h 
t ramipnintnrs. Tim SUS M’/IA HH/. satnilltn systnm. I nr n\amph', nnnststs nl 
It) t ranspniiili't's nl 10 nliaimnis as slinwn In 1 ''Ik»>‘«‘ Ti’ av.'l.l I nt nr I nii'iinn with 
n.nli .'thnr uplink ami .l.'Wnltiik nltannn I I vn.piniu' Ins art> snparat.'.l. Uplink 
I r.'.inniinlns arn l.u>*.n« t.' .illnw mnrn iiarmw uplink anii'iin.i Imams nl t li.' p.' ''»»‘l 
sl.it ti'iis sn that liit.'r I nri'iun tn I'lhnr p.nnst .it l.'iiarv s.il.'MtI.'s nslu)', t Im samn 
Irn.nu'imh's Is ml n Iml /t'.l . 
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TRANSPONDIR 


i 


i(t) I I a(») b{f) 1 i(t) 

■ »■ Bi'F - H TWT — ► ZF 


o(») - R(t) coi |wQt + 

" Nanowbaiid Input” 


A(0 “ 

Complex Notation 


Ivlt'un' Tlu- Tr.insiHmiU'f Ch;tmu'l 

Uplink Frequencies (GHx) 


I 49 MMz I 
43 MHz, 


Command 
and Tracking 


U.025 14.074 14.123 14.172 14.221 14.270 14.319 14.368 14.417 14.466 

Downlink Frequencies (GHz) 

fa m'oH, 

11.701 GHz -«•— ♦H 12.1990H1 


11.725 11,774 11.B23 11.072 11.921 11.970 12.019 12.068 12.117 12,166 

KIkuvi' 4. Transpotuli'i- Krt'iiut'ucy Al K*i'al.tony l ai' tlu' SBS 
17/Wt Ull^'; Sali'IHii' SysttMii 
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lU'iU'i-', It'T ditti’ 1 1 i t i’ 


h A(t'> * A hi I’oiisil.mt (ill'll liu’i'i' In iin illnti'itimii 
I’.tiamii' I n mont iiuuliilai [dii w.ivi't nrinn hnvi' I'ouni ant I'livn I ii|n' . II I'nnntant 

I'liv*.' I n|H' nir.nnin aiv not unt'il nr II imilll|ili' Input nli'.iiain am um**» 1 In narli 
I raiinpoinU’i' tlu'n tlit> t ranupmuk'i' imnu npuiati' In ihc Irnn I'lllrli'iil "hark oil" 
mmli' wln'Vi' llu.' ampIMInr In iiiaii' I Im'ar ami tln'ii' In lann it I at nil Ion . 

For tnrmnti' la 1 IlnUn wlu'rn iiinin powiT In avallaliln, I Inna r amp II I I I'rn arn 
morn L'nmmnnIv unml, II. linwnvnr , rnnntant I'livnlnpi' nlpnaln arn t ranaiiil 1 1 oit , Innn 
I'xpi'iin.h’i.' iinii I I iii'ar ainpllllnrn rnniil hn nnml rnnnitinp, in nvorall aavinp.n. Tlinn . 
Llu'i'i' In a ntrnii)’, nl I I r ! I'lU'V ami rnnl mnllvatinn tn nnn I'nnnianI onvi’lnpi’ nlp.naln 
In bnlli natal llti' ami li'irL'nt r la I llnUn. 

2 . ;i llamlw lilt h_ and FtXl 

Tn avoid I n( nr I nrniu'o with ntiu'r nnnin, dij’.llal radio nlj',naln arn rnqulrnd 
to stay within an annlipind hamlwldth. Snppono (ho ( rannml tt "d nlj’ual In 


x(,l) Ait) non | I MlO 1 




whom 1^ » in thn narrtnr t rnqnnnny In Hr. 'ihn nip, mil powor npontrum in 


S U 'I " '■Mm "iTr F, 

" r„.. ' 





■1 


(1 .1’.A') 


whnrt' I'M'} In tiu’ cxpontation over all ponn.lhU' ni'qunui'nn . lli'i'n thn moan pownr 
in thn I'rnqnniu'y Intnrval |lpl.,l In p.ivnn hy 


r - 


t tHdl 

X 




and thn total moan pv'wnr in 


*1) 


ti ..:.(0 


It In nonvnnli'nt to dniinn a normal irnd nlqnal pownr npnnlral dnnnllv, 




7) 




I’T 





wliiTi* r lii I lu‘ pulfH' nvinlnil tlnr;illi'n, TIu' l'ViU>r;il (Immnnu Ifni Ion 

H 

lloiiiiiiloM Ion (l''lUl^ |ilnfi'!i n roqu I romoiit nn rmllo nl^'.nnltt wiu'u II niU hor liion baml' 
wMlli I 01 ’ (.'.oiimu'i’i' Ini foniimmlfat Ion wllliln tlu' l!nUo<l Slati'M. 'I'lunu' ri'<[iil rtMiunilH 
aro iloaoi llu'it horn In lormn oi ihin norma I I iti'tl Hli<na1 powor npoolra l ilonully. 


II tiu' ant.lior I I'otl haiulwlilth la U « I'.W thon In ^'.onoral 






0 . 9‘1 




bi ri'qnlroit. In athlU lon, aaanmlni', llu' a Li*na1 powor apoctral aonslty ;l.a 
oaaont.lally oonalanl tor any ''♦Kll;'. hatul , wo havo tho toVlowl.n)’. roquiromonUa : 

2 .:\.\ 1 ,, S 1‘> lilU', 

1-vn- oarrior I'roqvionoiOH hob'w 1 '> t:il/. Lhorc ;ts a maximum of attomia- 

tlon roiiuiroil out sUlo ol iho author.b'aHl baiul’.^itUh. A y,oueval woakcr roqniromont. 
ia lhai 10 loy,^^ S^^fl ) Oooa not liavo lo bo bolow 


- Mb - 10 lo>>n^ 

ivM’ 1 outaido tho authorir.od baiKiwIdth. Thi,' primary ro.qui vomont la tho rato. 
of out -of '-I'aiui drop In pv'wor p.tvon by 


10 lo,-|^j V -n^/,0 


f 



•10 ,lop,,^^ 2 WT^ 


a. 2. 9) 


for all f " WT . 
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i.?- . I'l (Ills'- 

Abovi' I't (Ills'. I lii'i'i' if! iii'ViT iiiiti’i'' ih/m ''A ilH at t fUn;U Itn) rt*«|iil ifil itiil ol 
lumd In lari III fi)viln ‘Iih'm n.x Itav.- la !»' Ix'lnw 

- 1 1(1 - lu 1"« |„ 'I'h* 

|{cn' t lu' i i'iHil rail r.'ila of out-of-liaml dn>)> hi ]it>war In kIvou by 
10 S^,(0 < -U - 20 - 

L 

for aU f WTjj. 

MoKt modulatiouH prodm-o aii'nals tliat do not moet tlio FCC rcKulatious and 
mnat fhorcforc bo flltorod boforo tranHinlHaiou, lyploally at radio f roquouoloH 
(RK) . Ri’ flltorlny in gonorally oomplloatod, ooHt ly, and adds dlHlortlons ami 
intorHymbol Intorforonco to tlio tranamitted signal. Kvon with a constant 
onvolopo modulation, RK flltorlng will rosnlt in siguals with amplltudo 
vfiriatlcms. If such a signal is followed by a nonlinear amplifier, distortions 
such as those described earlier can occur and result in amplifier mitput signals 
which do not meet the KCC regulations. This can be av.>ided by using highly 
linear ;imi) I iflers which again is more costly. Thus, meeting bandwidth require- 
ments can add consider .able co.st to a system due to RK filtering and linear 
amplifier dcsig.ns. Figure 7 shows a tyiiical example of the FCC nnisk super- 
imposed on a given 8^(1 ). 

2 . h I’e.rf onminc e M e;>s\ire s 

Assuming that ;i communication channel with authorized biindwidth is avail - 
.able, .and the bandwidth requirements are met, then the key technical perlormaina 
parameters of a satellite or terrestrial coimminlcation system are 

R :■ data rate in blts/.second 


- 10 Ing^jj (1.2.10) 
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H 7. Till.' KC!() MiUik SiijU'r Iiii|)OKt'i.l on .t t. ivt'ii Nonna I I /I'cl 

Powor Spool ral i)i>nsity 

and 

I’j^ » hit error probability. 

Tlio. rcl;itioiuship botwoon K and itj very comp 1 ox and dopond.4 on tlio cboico oi 
modulation and coding. Ctmorally, liigber data rates imply lower bit error 
probabilities . 

Amoiij' those modulation and coding techniques that meet technical 
requirements, cost of implementation will determine the final choice. Cost is 

J 

a time varying parameter which is a function of available teclmology. digital ■ 

i 

processing, for example, has become faster, less expensive, and more powerful | 

and will have an increasingly Important Impact on modulation and coding 

ini|) 1 emen t a t i on s . | 

I 

j 
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^^scaesik 



>, .■ t I 'l ‘'11^ 

All. r. i;ll. lli.-iv 1« n.w..r I....V ll.u, ail all.nn.ll..,l iv.ialr.'a -a "I 

,,,„„i ai.a 1.1 1 «,!<'> 

- 1 Ht “ It' ^ 1 0 ^ H * 

II..,, ,h, ,v.i..l.v.l nilr ..I uu.-ot-lKiml .lro,> h. pow.-r Iri ^Iv.'U by 


10 10 ^ < "H ■* 


WT. 


- I 


,10 H 


(1.2.10) 


l,or all 1 ‘ I'l'l's’ 

M,.,u m..aulaH....» allini.la tl.al 'I.' "‘'t ‘I"' 

Ui...-,.r...x. I... mu.iva b.l..,:.. .y,.:U'.iMy ... .'..a... ...•.l,., a, 

n,i.-) Ul' , ll..■.■ll.« a» l■»,|.lU■n..•a, ...ally. ....'I ...''I.. ai,,.u..n..na ....a 

U... ..■..,.™.1tu.a Kv.a. wUl. a 

..„v..U,|,a »oa..l...l..n, K|.' rlU|.rl.,B wlH 1.. al..,..ala will. .....|.l 1 ua a 

v„-iati..,.a. II Hu.a. a alimaV 1» f-""“aa by a ......liny...' a«.|.UHyr, ai«..r. I .«.» 

BU,, .... .b..sy .k,»crlb..a ..arllyr aab ...aa.,- ,,.,a 1.. .....pHn-' -....P..b 

wblob a.. b,.t ...y.t la.y l-X.; .■c,.,i.latl,...a. "y .'''"l.'-l ''V 

U„..ar ami.Hl lara wl.a.l, a,|..l.. la «>ry b....awl.m. 

ya.. aaa „,na.ay.abl y y..ab ba a ayab- 

a.„lirlyr .lyaliina. M«»ry 7 abpva a .:y,.iy..l yaa..ply a. tlH. m: ...aaU a,.,. a,- 

iin\io.scHl iu> a ^'.ivon I’qCO* 

2 . A IV'vO i>vanamro 

A.aH„ml..|., that .. ya,...u..,lya.:l.... aba.iayl vlU, a.,.ba.laya bauawiaU. .» 

Iba baaawiaib yy.iulra.uaaa ary ma. , .1.,.,, tby kyy Ua ba laal par. ..n..a..ay 

,„„a„K..yra a.' « aaLyllU-’ ur lyrryatrlal ,a.i«mmlaat lai. ayaUn.. ava, 

R =. data rati' iu blts/Hi'i'oiul 


U 






d 



I'lgUlH' 1 . 


TIk> 1-'C(! Miisk Siipi^r liiipoHi'ii tm a (.Ilvi’ii Noi'iiia l 1 m'd 
Power Spectral Dotisity 


amt 

= bit error probability. 

Tlui rolationaliip between R ami P^^ is very complex ;md depends on the choice ol 
modulation and codinn. Generally, higher data rates imply lower bit error 
probabil ities . 

Among those modulation and coding techniques that meet technical 
requirements, cost of implementation will determine the final choice. Cost is 
a time 'Varying parameter which is a function of available technology. Digital 
processing, for example, has become faster, less expensive, and more powerful 
and will have an increasingly Important impact on modulation and coding 
implementations. 
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' ■ ’’ Ni- Uwi 'rl< ijiiimb .* *'."-'1 

TIu* iIImcuhhIuu to lliid I'oliit liao ciiiiciMtl r.Ma'it on |>oln( -l o-polnt rialrllHo 
ami l orrtMit r la I r/i<llo ooiiitmtu I cal i on lliika. A cotiumm i o/m I on iiotworK coimitilti 
ol many nm'li I Inka ami a )ai(',o nnmlun' ot varlomi ( ypori o| nacra, (M lon ll la 
linpracl lea I to provide dodlcatod I lilHa to nacni find itiaiiy ttaora mnal tdiai’o 
coimiumicat Ion llnKa, Moat now illj'llal ooinmmil cal (on notworlui will dii llila In 
a TUNA loniial with packet I ;nul dna l't|. 

'riu' nao ol' iwickota Int rotincoa now roqni roliionl a on the choice ot imulnlatlon 
and codJnn. A paclud. ol data cona.(!tl:i ol' a Imt’iit ol aymhola ol tlMod llnlte 
lennih. Ihtrini' the reception ol the .Initial part ol' lhi‘ packet, the recelvi'r 
muaL entlmate 

t * delay 

A(ii * oHcU lator dril l 
n " phaae. 

ol the pa<'ke.l’s iiu>ikt I al.i'd alp.nal. Tin' t'holi’i' ol uioilulatlon and di’iiiodu I at li)ii 
denlp,n can have, an Important linpai'l on the nvnuher ol Initial overhead aymhola 
neceaaary lor thia pnrpoae actpilr lnp, i , An', and 

Since i)acket.v are 1 Ixed li'nj!,th blocks ot symbols, It Is natural to 
consider forward error c'.orrectlon (I'l'k!) block c.odin}.; te.clcnhptcs rather than the 
more commonly used convo I nl i ona 1 codes with ViterbI decodlny, which are used (<'r 
contimums data seiiuences. Also with packets the nse o\ error detection (Id)) 
ami avitoinatlc retransmission rcipiest (ARQ) is natural to consider. Some combin-- 
ation ol l'K(l and KD/ARlJ shovild he used in most packetir.ed tlata systems, 

In a I argi! ilij’ital network where c'hannel links are shared by many users, 
the choice ol modulation and codiii!', technitpu's must include consideration ol how 
data Is to be packaged as a string’ ol modulated/coded symbols. 


13 


1,0 MiululalU'H 

a 

"■ ' 

,J 

«-'«> ■'■.Iml.im., 

..I U,. u ' " 

, , ,vu.,' ... wl""'' 

' ,, ,,i ,1... ». .......I '...''.I'. 



I O'M) .. .a........ IM. «l>" ■ 



; • 

; ... .. 

' 

lull iO a li' (1 I , , i-.iiiiisi ik'Hti’" moro 

..V.... ... .. ...’ ■’ 

aocU.... w.. 

.... 

llk...y 1... ... 
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terroHtrlal radio applications . 
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Thin I’onvcrtil.on from blfo to jilmao mi^'lua la done uulnj^ (h:ay eoder 17| In 
aeuordnneu with the fonowinit^! 
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Tlie baaic Idea is to have only one binary number change In the aKsinmiient ol 
adjacent phase angles. This is shown in I'inure 8. 

The phase 6 is then modulated on a carrier re.sultlnn in the Ml'SK .signal 

of duration T seconds, 
s 


x(t) ='>/2S eos fi't.t -i 01; 0 < t < T 

U • n 


(1.3.1) 
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I'hlrt (n ii'iuMloil I'ViM V T H*H'iUhln MO W\i\{ ilui i\w ii luloi val 

M I I 

(ii. n ‘l' • I ■ uT till' n*'* Mi'i ol K hllsi tltMi’imliit' t lu* u * imulii I (H I i»u 

s H 

iIiIn iiiiHliital ii'ii (hr li.ita ralr (a 


K ■ -rp bltrt/Ht'fomi 


k*k,,m 




For a ( l\oil ayinhol t Inio T anil t ranaml l lor powor 1’ wo havo llu' aamo aip,nal 
bamlwlilth tor all valvu'S ol M. l.arpo'' valnos ol M moana hlf.lior ilata ratoa but 
al a I’OMt ol hipbor Ml orror prol>aM 1 1 1 loa . Tho onorj',v por aymbol Is 


V. » I’T 

S ) 


whilo 111.' onoi}\y por Ml lv<r Is 


b K "k 


riu’ Ml oi'ioi' I’l 


obai'llilv ill .1 wlillo i:.iussl.iii iioiso oh. nmol with sliii', lo sliioil 


'isi' si’i'olr.il ib'iisllv N Is .IS lollows: 


M - ; 1‘. 




M - a : l\ ' o\ / . - 


Uoi 0 wo ilot liio 


IJ. 


' lU wlilob Is t.ibnl.iloil or o ni 


bo I'oiiipnloil ns Illy, slniplo .. I o,.n 1 1 binr 



UM- hum'i- VitliK'H o! M - wv' lMVt> tlu' Unlit uppi'r b.nm.lH 


^ 4- ^Lh7 


r“ij 


(1. i.<*) 


3 , 1 . l(v tlim<h at uro Aiiij* 1 It mlt> Mml u 1 at Lo u (tjAM) 

K. QAM Is oommou in dlnital u-h'i'lumo i>aMo Uansmlsston aiul apiu'ars In 
rt.mi toirosti ial tH«ital ra^Uos. Kivall that Ml‘SK has tho ionn 


x(t) - n/2S cos luy^t + 0) 

- COH 0 cos ~ 4'-'^ atn 0 sin <o^^t 




rills can he vlcwisl as hinavy amplltiuh' moiUilatlvui ot tlu' unailratnrc carrlv't 
.•omponents cos c^^t a.ul sin . 1 h QAM ts a A level aiuplttvule moanlal lon ot 

these ipiailrat m »' compomsits where the slpnal has t lie 1 vnaii 


x^tl att ) cos ) hU^ sin .*'^^1 


U . 


Here attl ami I'U^ each lake on one I'l I om li'vels i.e., 

aU ^ » hu ^ ; i AA, 'A, A, h\l 

I'., 11 , so tv„ ,l„la Ml» 1 lu- .i.«l'l 1 1 uJ,- ,UO 

, 111,1 1111., til, T l«„ ,1.1111 I’llll .l.'l.TIllll,,. til,' llllllil llll.ll' IHO .I'llll't'. I'l'.'ll llVlllli.'l till',' 


r . Hence. I lie Hal a rate is 

S 

I- * hlls/siH'omt 
■''s 

Kijnire '* shows the la possthle pairs v'l ipimlratnre amplltmles In the 
iinaar.itnre space. Unlike MI'SK this rcstilts in a signal where there are three 
.Hslinct envelope levels as ineasnrml hv the r.ullns Horn the center in I'lnnre n. 
,V,i„tnc, 1-,, as the .iverap.e eneip,v per H.ila hit. we luve the svmhol erior 


pi I'h.ih 1 I i I V 



I'lv’.VU'O 


ii'.nal I'l'lui i' 1 1 at 1 I'll li'i' 1 ('• iJAM 


wlu'ia' 

Tlw' i-Otl'4'; 

I'lU' 

laaiuiia'i,! 

1 . 1 . t Ot 
A '• 

t I'l t i ''tiM 
ulartv wi' 
t lutiit 





i 11)1 Ml 'MT''!' \'i\'l'al' I M I V I'j^ 1-’* ivy'll hv 


I' 


I' 


t I I 

/, 'll ' 'll ■ 'I', 


u .1. 1 n 


U. :i. l.’> 


vai'tal'lt' IMIV4' I I'l't' ''I till!! mi'vlu I at It'll mt'aiia I hu'af ampMll«'rM an' 

1 1 ' avt' Iti tl i St t'rl 1 t'lis . 

1,'U't i.Hiatli at lift' Mt'ilii I at I I'll 

lass t'l nit'iUi I at i t'li t t't'liii i tiiu's that ai'i' K'ss si'iisitivi' 1 1 ' shauiu'l i.Hs 
an' till' t'l 1 si't tjviatl t at un' uit’tln 1 at l''us t I'lisst' iiit'vUilat It'iis aii' p.ii t If- 

M siiitt'tl li'f t'hainu'ls it'llli lu'ii 1 liit'ar 1 1 ti's anti an' iit'W I'rt'pt'snil 

i' sat f I I i I i' ss st I'lns . 








Ki'l'iitl lltaL (’imvcul Uma I MI’SK aiut QAM aaii lu* vli'wi'il aa ainplltiuU* 
mi'ilu I at ItMia oa ipwuiral iivi-' i’i»m|wmi>iu a taui ami aln . HiUli iiuaitraturu 
atupllimk'a niailulali' (liirlit)', the aaiiia 'I' riL'i'oad luU>rvalH. lu ollaot ijuailrat uru 
mmiul. ’ll lull, lliu auu aiii)i I i t lulua luuilulaii* ilurliii’, tliu tJiiU' hiturvala 


0»~l) T 1 < iiT 
s • H 

II , - 1 , 0, I 

I 

wliilu Llu’ ain amp I 1 1 lulua iiuululati’ duvLiip, 1 liu ultaut t Liiiu liiturvalu 



11*^ '"I, 0, » 


"'Ills 1\^/^ .suuuiul ultaut or ru.latlvo dulav I'ulwoon tlio l\io nuadratiiru imHlulatloiia 
i‘OMult;!i lu a alp.ua l that oxporluiu’ 's loiu; baiulwlilth t'xpana loii or dint ort loii at t or 
paaslnp, through uoni tiioar It lt>s li'l* 

Tho most ooiiiuioii tonii ot this modulal Ion Is (H t sot. Q.l’SK (OQh’SK) whoro tho, 
amplltudos In both v|uadraturos aro binary valiiod (:'A) imioli I tkb t)l’SK. lu taot, 
tho bandwUUlis and bit oriiU' probabl 1 11 los l or QPSK and OQl’SK aro tho saiiio lor 
tho idoal additlvo whilo daussian notso ohaniiol. Tho primary diiloronoo Is tho 
Impaot v't non I iiioar 1 1 i os on tlioso two modulal ions IMj. 

Tho baiulwldth oharo.olor ! st los oi tlio v'llsot and normal quadraturo 
modulations oan bo mod 1 1 lod by using dltloik'ut pulso shapos tor tho quadraturo 
imuiu I at Liuis . Ql’SK and OQPgK, l or oxaiiq'lo, ovu rospond to using rootangular 
shai'od puliios k'ti oaoli qnadratuto k'omt'onont . Iiii ik'ronl pulso shapos, howovor, 
o’in iosil to a signal with varying k'livolopi' wlu'rk'as tlu' ri.'ot angu i ar pulsi's 
rosult in oonstani luivk'lopo signals, tlonorally tin* luoro onvotopi' variations a 
signal has tho imno nonitnnar ohanm't il 1st ort ions It onoounlors. 


20 








10 Mn,nv 

.!»• ...ii •« 

I,„l o, ivmihliv. Hi " l.il .■nivmli.il I iiUTi .'i .■ll.■.■.■' Tliln In •'■i 

I I...' 



I»."l. I'l, I' "I"'.-".'' 

....'I..- 

nuh'tloii ami m«t I Im oMaiM or al I'laiu'ilv. llama-, i}l ami iU)l ,-K ha\. 

....I ...'....Iiy .... " , 

............ l'"l. T, .1.... 

1...V.. .. I.nv i...., ..... I...".' ‘7’ 

........ ....nnl..,. .I......n'. ......11.'.'...'"^ 

.... .I... ...I.."- I.-'".'. '.>■ 

.,.1.. ...........M.. ..,..'.■..•..1 ....... .......I. ..I.' 'y I'.n. II.'.. In 

shown In l-'h’uro I I lor SQOUi . 

. 1 ... I...'. . 1 .... 'I... . >l»."l -■'"'‘■'"I'-' 

....I....n 

n„.„„.l I.. 

vliannols. this Is a hoshahlo oharao t or I st I o . 


\ 1 iim'hinarv Mo.lnl.at ion 

™...K „„.l isM -I I 

I -I..- .'I- 'III-."', 'll." „ 

,...l...-. ... I I.".' “I.l. .-.I. 17-"--''- 

''-I''™'-' ■ 

111..' ...l.',.l......' .'.'I.l 'In.. 

siiloiahlo sl^-.nal il I st or t I ons. 

,„„.i...i...' .1..' I...,....' ... ."»i..'||..-. ,, 

i..,.'...y...i-..i I''.'.' I" '■ 

„ 1.. .. -V nil '..'"I I."' 

„k....'l....l I.. I■■','..".• 

. h'.'l • 

in. 1 .' ... 11.7 

in. '■>- ln.l..n.'11'....ll'Vl 



PULSE 



Staggered Quadrature Overlapped Raised Cosine (SOORC) Adulator 














Figure 13. A Comparison of the Power Spectral Density of 

Several Staggered Quadrature Modulation Techniques 




DIFFERENTIAL CONTROLLED INTERSYMBOL 

ENCODING INTERFERENCE 


Figure 14. Duoblnary Modulation 


V, \.y V. . t j ”1, 1 } . (1.3.13) 

n n n~.l < ’ 

Next Llu' cont rol led 1 utersyinbol liiLerl eveiiee i s Int rodneed by 
j;ener;U I Uj', the am]) 1 1 tudes 

*„ = + V), t-2.».d (1.3.U) 

wbieli modulates a earrler pulse p(l) 171. 

Since lliere Is only one data bit entering tlie dil l erent lal encoder each 
time an amplitude modulated symbol Is }'eni>rated, the data rate is 

it « bits/ second (1.3.15) 

s 

The bit error ptitbablllty (assuming, no turther channel distortions) Is 
^tlven Ity 


I* 


h 




wlu’i i' 

1 ) 


is the aveiapo* si>;nal 


i'nerny jier pulse. 


(1.3. lb) 
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1,].') I mil'll!! I'liiKi,*’, NihIhI-iU 1.11,11 ((’.I’.M) 

Hci'i>nily lliiMi' Imii lu'i'ii /i I'lum liU>ralt 1 1 * mmum! ul liidTi'Ht In a I'laHa ni 
haiiilwMlIi i-llli'liMii imiilulatlmi nrhuliiium rital nialiilaiii pliani' .'imllimlly I mm 
Mymhal m Hyinlml IH-I'JI. Tlila i Jaim wlil.'li wi' ri'l.'i' in mi lUmI limmm I'liaHn Mml- 
iilailnii limlmln.'i ai! nim-Ial narum Mllliimnn SliHt KnylilC, (MSK), l-'aal l-'m- 

imnimy SliMl KnyliU', (I'l'iiK), Siiinnl Imil Krniim'iu'y Slillt Knylii}'. 'I'amml 

iiunm y HliM t KnyliU'. VI’l'M) * amt many nllmrfi. 

l‘t(’iirn .1') 1.1 limtratnH llila nl.iMH nl mmlnliU Inna. Cl’M la nHainillal ly a 
phiuu' or t 1 1 'lnumi'.y nunlulal lou Lorlmltinn whoro l Im dat a lit nd aa a 

binary or lilf,lu’r U'VoL aqnarc wavn whirh la tlmii paHHOfi tlirouHli a I l.Uor wlLli 
Imimlao rnapnuau h(t). TIu' f lUored alj-nal la Urn Input, to an PM modvrlator 
roanl.t Inj* In a ronatant cuvolopo sli’nal ol tlm lorm 


x(L) " coajm^t + 


a. 3.17) 


zj tjjjATA ^ 

FILTER 

«(0 _ 

FM 



b(0 


MODULATOR 



Vis' 


UIqI 


H 0 


w] 


I'iyurn 15. A Block Diagram Illustration of the Class of Continuous 
I’huse Modulations 
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wluu'i' 


0(0 - ^ - „TJ 

wlrli 

ii(l ) ^ I ' li(l - '■ llinH' J 

T) 

I’L'H I nji (In' rtMlvoliit Ion ol t lio I’lUor liii|uil(ii' roi(|ioii;!i' willi .( mill 

.sciiiaro , I ‘>11 [ l-l»' <i''>(''> tu'tpu'iit'o , iiinl li tiu' imuliilal Ion Indox. (loiiorally ( lio 
^alu (tJ l'(l)* wlHali is projiorl: ] ona.l to (In,’ moiinlal Ion iiulox, dot orinJ ni'a (In' 
iiial.li 1 .o1h‘ oC i.lu’ (.’onnllliiK sJt',na.l powor aiun't.ral iloimlty wliJ lo Lln' "siiiooi hnosH" 
oC ii(t ) tio( ocmlnos how rapUlly U droiis oiiLaldo t lio nlniial band. 

To illiiHlrala' lll’M with an oxamii.1.0 , consIdiT mil lllorod binary da(:a, In 
wlildi cano, )i(L) Is llu’ roctanunl ar intlsc’ 


(I . i. IH) 


( I . i. lb) 


l>(t) 


- h , 1) I S T 
T H 

H 

0 , o 1 sowlioro 


(I. i.20) 


and T = T . Tho set of all possible phase sequences 0(t) e.orrespondin>» to 
8 b 

all possible data sequences is Illustrated in l-'igure Ifi. MfiK is the special 
case of this example corresponding to the modulation index li - .!). MSK is known 
to have the same* bit error probability, as BPSK, QPSK, or OQPSK [see 
(1.3.5)]. for various other clioices of modulation indices and M-nry dat;) symbols, 
we have the signal power spectral densities shown in Plguti- 17. I.avger values 
of M tend to smooth out tlie signal spectral variations. 


An obvious clioic>' for tlie pulse p(t) is the raised cosine piM.-^e whitdi is 
sketched in Fijiure 18a for 6 different pulse durations. These pn.! .o s result in 
a smoother , hase C t iction 0(t) as illustrated in Figure 18b for tlie (>lnary data 
sequence (M ■ 2) a.nf (he raised cosine pulse that spans two syiifbei times, 2T^. 
The raised cosine |>u1si's ri’sult in a more rapid rollol f o( out-of-band signal 


*More precisely, the input data a^^ must first l>e preceded by a differential 
decoding oper.al ion in order to produce the performance given in (f.3.21). 
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2n^- 



Figure 18a. Frequency pulses p(t) for the Raised Cosine class of CPM systems. (Reprinted from 114]) 








powi‘ 1 ’ Mptn'tial deuHlly. Flgnrow and 20 prem'iit Honia oxainplt'a of itiln. In 

Figni'i' 19 Wi' ai't’ chat I'ov fixed imidnlatlon Index li •* .5, Umger tiiemmy pnlaeH 

veaull In mmutthev and more rapidly dropping Hignal power wpeeiral deiiHlly oat. 

of the Hfgnal hand. Figure 20 kIiowm the effeetu of different modulation indieeu 

for a rained eonine pulne that apanw AT . Here we nee the increase in width of 

the main lobe with an increase in the modulation index. Figure 21 has the same 

type of results for M « A and a 3T raised cosine pulse duration. 

8 

These new bandwidth efficient modulation techniques culled C1*M Itave the 
advantages : 

(a) They are constant envelope signals and can he used with Inexpensive 
nonl 1 nea r amp I i f ie r s . 

(h) Their power spectral densities can he shaped to meet bandwidth con- 
straints sneli as the FtUl regulations witliout tnrther RF tillering 
whieh is )*eae rally expens I vi’. 

tv') Together v^lth coding, CPM can achieve 117,1H| excellent periormance 
measured in R btls/seeoiui and hit error probabil ity Pj . 

The key drawbacks of dl’M are; 

ta) I’liase estimalion at tlie receiver can lu' dill icutt. 

th) Till’ di’inodu 1 at or must use ciuiiplex dig.llal signal proccssiui*, in the 
l ot 111 of a Vlterbi algorillim. 

Omura and Jackson ll/j have sliowu that phase estimation can lie vlonc ctMcicntly 
using a generali/.ed Viterbi algorithm that s imn 1 1 ancons ly estimates carrier pliasv' 
and the data. Tl\i^i is a genera 1 1 r.at Ion ot the nsc ol t lie Vllcrhi aljtoNllim tor 
phase estimalion 120-27]. As for l lie complexity ol t lie digital signal process lit)', , 
it is ol'vieus that tlu’se cost s are rapidly declining,. The vjliolc v'ommuit icat i on 
industry has tell the ticmeiulou!; impact that less expeuisive digital signal pro- 
ci'sslng eapahlHl tesi have had on reducing, system complexity. 

4 . 1 . (> Or I hogoua I S i jpta I s 

A Icfis common lorm ot modulat ion is to use oi thogonal signals. Tlie usual wav 
to construct orthogonai signals is to use dlMcrcul licqucncy tones. I’oi example, 
suppose that fv>r t'ach K datii hits wi> si'iul one ot M - 2*^ tones ol tint at ivm 
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FlKUfi' 20. 


Ntirmullzcsil powur spuctra for M"2, 4RC p«1scb; 
)r0.5, 0.8 and 1.2. (Reprinted from [131) 



Flj^ure 21. Normalized power spectra for M"*A, 3RC pulses 
(Reprinted from (13)) 
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(1.1.20) 


*ThlH oan bo soon I ri'iu Iho btnuul 
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thin Innilltl to i'.tM'O .Ui K hu ll’dfii'fi , llt'IU'i', 1 > 1 U* t'XptH't tlll.M 1 1> hi' 

a f'ooil iiiiuhil.il |()i) I t'l'lni hill ml un.it ! y , t lu' hIc.h.iI haiulwUllli ;il:U' liirriuHicM 

wl i ii K. N<it >' I lull 


M 


Alt' 
2 II 


1 

:^T 


(1.1. 27) 


ii; .'ipprox liii.u i’ I y till' h.'iiulw liU h oi'inip i cil liy I'.irli tiiiu'. Hliu'i,' LluTi' ari> 

N ‘ 2 loiu'i; till' tnl.ll hiuulwMl li W oiTuphui by lliifi oil lutpoiia I Hlp,ii;il nol I.h 

W - M AT 


2T 


,K-1 


,,K-1 

KT.' 


(1. 3. 28) 


This total haiulwldth }*rows rapidly witli K. 

Ono mip,ht wondor If Lhore an.' otlu-r orthogon;il signals whose total 
handwidtli does not grow as rapidly with K. In general given bandwidth \! and 
time the number of orthogonal signals of bandwidth W and duration 
seconds is 


M ^ 2WT . (1.3.29) 

a 

This is also satisfied by our set of orthogonal frequency tones. Hence, 
we cannot do any better in terms of bandwidth. 

3,1.7 Sunmiary of Coherent Modulati o n TeclmiqueH 

To compare various moduliition tecimlqnes we should consider the performance 
parameters data rate and bit error probability; the latter being a function of 
llie energy pet d.ita blt-to-noise spectfiil density liitlo. These would be Llie key 
pi'i foi miince iiiii ameters if tliere were vii tuiilly no biindwidtli 1 imlliit ions. Tills 
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Bitiiation oceurn in Hpuco noimimulcutlon and most sproad simc.i.ruiii military 
ooimminlf^atlons, (Icnorally In iiomniorf’la.i appl lost Iona tlioro oro bandwldtli oon- 
HtralntH will oh must ho oonsldorod. Whon strlot Imndwldth limitations suoli as tlio 
ILi. rof'ulaMons art* linposod, tlio (!PM toolmlqnos appoar to ho tho most attractlvo. 
Cnmmtiy, howovto’, KK llltorod MPHK, ^AM, and somo variations of duohlnary modu-' 
latlonn arc the immt common lorms ol' cohoront modulation toolinltiuos. 

Kta'plii)', In mind tliat bandwidth limitations and data rale uro Important coiV” 
sldorations, wo next show tho bit error probabilities for various cohoront modii-’ 
latloii!!, f'lgiiro 22 hIiowh tho bit orror probability us a function of Hj In dB 
io} 01 . thoKona.I. slqnal Inj,; whore M 2^' Is the nutnbor of orthoyona]. tonus. In 
PlKuro 23, wo liavo tho symbol orror probabilities fur coliorout Ml'SK Indicatod by 
tho solid linos. Tho dotted linos are for M-ary dlf f eroiiLlully colioroiiL MPSK 
(DMl'.SK) which wo shall consider In tho next suction. Tho duobinury modulation 
has a hit orror pr'ibabllity that Is nearly tlio same as tho symliol orror proba- 
blllty lor Ml'SK with M = 4. 


Io oxaiiiino the baiulwldtb olMclont CPM toebniquos, one must talu? Into 
coincldorat Ion the. Ijaiidwldtb of tlio signals. If wo dc-.fLtu> tbo 992 bandwldtli W 
as in (1.2.8) wltli tlio equality sign, then wo can oomparo all tho CPM tochniquos 
with each oLlior. In goiioral , wo shall use tho particular CPM, namely MSK, as 
a basi'l tno lor comparisiin. As already montionod proviously, MSK is known to 
have ossontlally tlio same hit orror probability as BPSK, which Is sliown In 
iiguio 2.) ;is tlio M 2 l liu'. Colionait BPBK Is tho most c.onimonJy usod busoli.tio. 


Siiici- il Is analytically difilcolt to 
porfonnanco lor colioront rocoivors ol CPM, 
i'oiii|)a r I son on tbo lias is oi tninimuiii squarod 
1 lit vMva I ,-i normal icod by iho symliol onoi'gy | 
I’valiiali' till' tniiiiimim of 


oxuctJ.y calo.ulato tlio orror proliablllty 
it Is common to make tho poriormauco 
Kuclldoaii distance over say symbol 
12]. in mathomat leal tonus, wo 



(1 . I. IO) 


with lospi'ct lo llio two arhltrarv but dinoroiit so(|uoncos and a^*^^ 

w!u-ro x(l;a^*^| and rospoc l I vi> ly rcprosoiiL x(t) oi (1. 3.17) for 
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A. 








VITHUH 


thcHO two spqiipncoH. Typlrnlly them one plotH the r«tlo (In dh) of 
2 2 

'* S^veu C1»M toelmlipH^ • <i that of Mf!K 

the nenmaU^ed b/mdwldth 2WT', . 

h 

In I''tniire 24 we conHlder the eaHU where p(t) 1 h defined in (1,1.20) 
with varioiiH valnew of the modniation index h and M 2, 4, aiul H. Thia par- 
Lieular form of CI'M ia eallud ';;tuitinnonH I'hawe l-'reqneney Shift Keyinn ((11M''SK), 
with MSK ap.aln eorresptmdlng to the Hp(.'rJal eUMO ol' M ■ 2, h - .!», Kor the 
Kuined Coainu (lu:) pulae that (,p<iua L aymhol timeH (oee Klgure IHa) , Kit-nrc* 2;> 
HhowM thoae modulatiouH for vurioua modnl. ti.on indteeH h, M ■ 2, 4, B, and pnlao 
inunioiy iengtha h ■ 3, 4, f) HymhoJ.H« Al.uo hIiowu lu thla figure are t'urveH for 
tlic luBH realiatic ahaplng puiao 



(1.3.31) 


tdiieh haa infinite duration. Theae enrve.a are labeled LSIU; (L“l, 2 , 3, 4, 5 , 0) . 

Doth Kij'iirea 24 and 2!i show that tionaiderable Improvement over MSK ia possible 
at the coat of more receiver digital processing. It should be noted that we 
aaatime no R1-’ filtering on these irLgnala while eonventional MPSK would require 
some Rl' filtering to satisfy a batuiwidtli requirement and thus suffer some addi- 
tional signal distortion. Also, note that the I'CC mask places additional limita- 
tions on tlie signal power density spectnim than tlie 99% bandwidth limitation 
assumed in these results. 



Figure 24. Bandwidth/Performance Comparison Relative to MSK 
for Various CPFSK Systems (99 Percent Fractional Out of 
Band Power Bandwidth, See Table 1-1) 

(Reprinted from [14]) 
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I., l)t 1 I I'lvnt laity C.olu' iynl_ Miululyit lyn 

la il i 1 I iM't'al 1 a I I y colu'ia'at imulal at 1 an t lie t |■anMmi 1 1 lat t! i jaia I aaniat iihasa 
ilui'ini*, aav Mvnil'al lima, , asas t lu' )i rav 1 atis I v t r.anaui 1 1 ail T_ sa>'aml a i y.aa 1 
lairiar yliaMa aa a n'laiaaaa. la j’,i'aarally »lat>a with MI'SK uuulalat laa. Tha 

]irlniarv raaaaa lor aaaa i ila r i aj>, tlila. iiiailalat laa la la allow tha laaalvar la ilamailu 
lala a aymhal wllhaal ilia aaad lar a ai)al iaaaaa (ihasa I'allinalor aaah aa a phaao - 
1 aakiHl’ I aai' (I’l.l,) or a Castas U'op. 

Tlia I ransiiii 1 1 ad stj;aal tor d 1 1 1 arani 1 al I y aoiu'ranl MI’SK (DMI'SK) Is at tha 
laini la (l.t.17) whara now 


0(t) - Oj(l) + Oj^(l) 


(l.i. J2) 


0,(t) i{0, (M-D-JJl; 


(n-l)T ' L ■ uT ; n - I, 2, 

H S 


o..(t) o.(t ~ r ) 


(I . I. V.) 







gain in dB RELATIVE TO MSK 



Figure 25. 


Bandwldth/Power Ck)mparl8on Between Various Partial 
Response CPM Systems (Reprinted from [W]) 
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:’t) 1 1 I util rail's a IlMl'SK imululat Ion (or llio simpio oasi' ol M » 2 whirh 
I ti I'l'iniiiou 1 V I'l ’ I 0 r rt 'll lo as DIU’SK or ovi’it h Imp lor IM’SK. In tills llaiuri', iij^i l~lil I 
iti i lio Pluiirv ilai a so(|uonro, wlillo 


X , ; n « V 

n-l * n 

X ,11 , 

11" 1 ii -X . ; u ® -I 
II" I ’ n 


O.I.V') 


(:; t ho (1 i 1 t o ri’iil ia 1 1 y ouoodoil hlnary soipioni'o that Is luoilulatoil hv a oouvont loiial 
liPSK inoihilai or . I'lio rooi'ivor lor ihit! Is shown In l■■i|’,m•o \\1 whilo t hi' y.oiu'ral 


BPSK 

xU) 

MODULATOR 



l’ij',nri' 2(i. A PIU’SK Moilulatiir 

DMl’SK roioivor is illustratod in t'ij;nro 28. Thoso roooii>or stnioturoti ropltu-o a 
iiioro oompli'X phatio traokiu)', loop with somo siiiiplo dlp,it;il piMOOSS inj'. (d i t I oront I a I 
dooodors). Thiti y.onor.illy rosults in a iiioro robust syslom slnoo phaso iu'qnisition 
aiul loss ot loi'k probloins assooialod with I’losod loop systems ari’ ol imlnat I'd. 

tlloarly, t lio above advantaj^es ol' llMl’SK over eolierent Ml’SK must eome at the 
expense ot some loss In error probability perlormanee. For DMFSK transmitted 
over the Ideal additive white tlausslan noise ehannel, the symbol error probability 
Is nlven by 


II I ^ 

•^0 I - eos 4* 

M 


(T.3.3t>) 


with F /N,. related to K, /N,, by An oxeellent, easy to evaluate asymptotle 

H t) b 

lormnla lor llie above symbol erior rate has reeently been derived as 12*11 






!S AN ARBITRARY PHASE REFERENCE 
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Klguru 23 tl LuHUvatCH ll»‘ exact oompiitiitlDU of 1* an In (!.3.3f)) (tlaaliod linos) 

fi 

and oompai'os It wl.tli the Ideal ooheront MPbK modulation which roqulros a phase 
tracking loop in the rocolvor. 

3.3 Noncoh o ro: it Mod nl a t Ion 

An oven simpler and more robust claws of modulation technltiues are those 
that use no phase estimation al ail in the demodulation process. (Jcnerariy, these 
modulations use orthogonal signals. The most common example are the M"ary 
Preiiuency Sliift Keying (MKSK) signals of the form given 1n (1.3.2I) where now* 

i.u - (M - DAui, - (N - 3) Am - Am,..., m^^ + (M - I) Am I (1.3.38) 

IK'fe 2Am =■ 2n/']' Is the s.iiallesl t'ri'tiueney si’par.at Ion ih.'it j'uaranlein; t lie ditierent 
I requency tones are all I'rt hogon.i 1 to each other t or aj 1_ re l_a_t_i ve jdiase sji i 1 1 s , f.e.. 


1 - cos 


n \ 

M ) 


(1.3.37) 



/•r 


cos [m I 
K 


(1 i cos 1 (ii I 3 i> , Idt 
K t’ I 


t’ i k 


(1.3.30) 


lor all , 0 , and 

U vl 

m|^ = [dk " I - M|;\n.' 3 ; k ’ I M 


(1 .3..',0) 



Note that ihi' I rei]uenev spacing in (1.1.18) is twice that j’lveii in (1.1..’.*) lot 
eohert'Ul MkSK. ibis Is required In order to satlsly t lu' or t hogeiia 1 1 1 v condition 
ol (1.1.1‘t) as oppv'sed to t ht' less stringent oi t hogiuia 1 1 1 v londltion ot (1.3, .'3). 

U') 




Tlmri , hy t’ouiiiarlHon witli (T.3.2H) the* totnl baiulwidth I.h now 


W 


2 It 


«r 


,K 

KT. 


or 


M » WT 

s 


(1.3.41) 


(1.3.42) 


Is roughly tlio munber o1 possible nonoohoront ly orthogonal signals of bandwidt h 
W 11/. and duration T seoouds. 


Tlu’ optimum roooivor for noiu’ohoront binary FSK (HKSK) Is shown in I'lguro 
ih). Tliis ri’i’oivor is>nsi>;tfs of two onorgy dot oi’t iirs oont ori'd at I bo two I ro- 
tpiotu'ii's < 0 j and Tho [lt'olsU>n rule is to I’hiK'SO. llio si j'.ual wi th tho. la i got 

oiH'igy iloti'oior output. Tills roooivor assumos no knowlodgo ol tlio signal oarrior 
phase and in fai’t its porformain'o. does not doiioiul on tho aotaial phase. With N 
f roiiuono i os wo would l oquiro M onorgy dotootors. 


In I'lgui'o .i'l wo sliow lilt' t'liorgy dotoi't itiii proooss as I irst iibtalning tho 
tpiadrat iii'o I’oiiiptiiu'iit s til oao.i possiblo oarrior t rotpioiioy aiitl thou summing tho 
st|uai'o ol t boso iMiiiponoiit s 1 1 ) got tho onorgy tloli'otod at oaoli oarrior Irt'tjuonoy. 
This oan In' attt'inp 1 1 shod moro simply with matohod filtors fol liiwod by oiivolopo 
ilolootors whosi' tuitputs aro samplotl. Tliis Is, In faol , tho Itirm usoti in gonoral 
ospoolally whoii tho tirl liogiuia I signals aro luit not’ossarily MFSK. 


As an oNamplt' ol this point, anolln'r oommon wav to goiu'rato tuTliogonal 
sig.nals is to uso binarv so(|uoiii'i'S I'i lt'ng,lh M ~ 2*^ tii goiu'i ati' N lUM lu'gt'iia 1 
binarv st'ipnau'os wlob aro thou Hl'SK nuululalotl. This yields signals that t'tuislsl 
til so<|ui'not'S ot M bi’SK juilst's. Tbo binary sotpirtu'os aro goiioratod ri't'urs I vo I y 
as toll ows : 
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Figure 29. Opt inum- Receiver for Noncoherent BFSK 
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Till' M ■ otilii))',oii;i I liin;irv si'inii'iifi's aiv I lu'ii I ln' rows ol II,. Mii.irv 

K 

(Tl) syiiiliol ot Mil' hin.'irv iii'inii'iico ol loiic.lli M Is iisotl to imihi|>ly .i imtso .it 
amotion T^/M. Tyj) 1 on 1 I y , tliis Is ;i m'SK iiioati 1 ,tl Ion with pnlso or "rliii." iliit.i- 
llon T^ ''‘’''*‘1 v<’i' fonsists ol M iiioii'lu'a t lltoni (in.it olioa to t ho 

l)ln,'i|-y (ioiiuonoos with arli 1 1 r;iiv ootrior iili.iso) tollowoJ hv oiivolopo aotootors 
wlu'so onlimts oro somii t oil . Apoin, this rosulti; in t ho aolootion ol oiiorp.v in 
o.ioh ol M orl ho^>oii;i 1 s i c.n.i I ooo iil i nat o^; aiu! I lion itooiaiiip, t lio signal t lansiii i t t oil 
is t ho Olio ooi losiioiut i ny, to t ho lai'Kosl ilolootoil onot'j'.y. 

I'or all oi'tlioponal s i pna I i iiy, solioiiios Viihoro thoio aro M siimals loi 

ovoiy K liata hits, i ho hit ori'or [U'ohah ( 1 i t y ol tho nonoohoronl roooivi’i' is pi von 
by [2M| 



1 ', = 




X [1 - oxp(-x)]^* ' dxl 
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and tightly bounded by 
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l-'lRiiro :J0 «howH llunu- bh i^rror ,imbah 1 1 I U.-s a« .•nnipMi.Ml i r.nii (I.KV.) 

HH a I mn'lloii of wi th K ( !»> tmiHbcr i.l dal-a bifn uh(«<( m .b>i armln.. 

tlu' ol oriboHmia! nl^.u/tla aa a paramalav. n iMmi-arra .nbaran. ^ 

and noa.olH'r.ait roralvara art Imp.nna I alnimU lar t ho hpoHal .aao K 
Tho .ino.uUnl .Mtaoa ror.oapoml to urtlap. bl'SK I imoa with tl.o .*vmbol onor prol.a 

bllitv boinp, Ibo probablllly that on more of iho b bl.’SK "ohlpa" aro luoonvot. 

Tho oodod oaaoH aro whoro wo hav' M - orlhop.oual alKualn (h'^arv I'SK tor 

oxatnplo). Similar r.-a.ilta aro ahown In KIkui'o V/ (or K - 10 (M - I0:'''t). 

With larnor valuoa of M tho dlHoronoo bt'twoon oohoront ami nonoohoroul 
orlhoKoii/il alp.nala luv omoa amall. Tho nonoohoront rm-olvor, Imwovor, la almpl«'i' 
aluoe it dooa not nooU to IuoIakIo oarrior phaao oalltnal lmi. Suoh nonoohoront 
moduiallon/domodulai ton too.hnUiuoa aro robuat av.d oommon In aproad apo.-irnm 
military oommnnloni ion ayaloma whoro. bandwidth oitMolonoy Ja not a oonaldorat ton. 
for oommo.rotal appHoat Iona, howovor. bandwidth oH loionoy ia vory Important and 
Uhoao orthogonal aiKnaU lng to.'hniqnoa are impraotioal . 

One nonoohoront modulation toohniqnc that has boon proposod lor oommorolal 
appUoatious [TO) Is tho M = 4 ievoi tlhl-'SK modulation disousso.l carl ior tom't hor 
witb a nonoohoront I'M disor Iminator rooolvor. This M = A I’SK modulat ion dll tors 
trom tho Mi'SK modulations considorod abovo in that it has oontlnuous phaso transi- 
tions Irom syml>ol to symbol and tho A posslblo iroquonoy tonos aro not orlhop,onal 
to oao'n otlu-r. Tho nonoohoront KM disor Imlnat or rooolvor has boon proposod 
booauso it Is ono ol tho loast oxponslvo roooivors avallablo. Tho porlormanoo 
ot siuh a nonoohoront rooolvor oi t’.l’FSK modulation Is not prooisoLy known. Its 
symbol orror probability, Innvovor, Is oortalnly lowor bomulod by tho M - 4 ouln-ronl 
Cl’KSK symbol orror probability (soo Kl>»uro i4) . 

For binary siitnals wo oomparo tbo various modulation toohnlqnos In 

Flqnro F). iloro wo oonsidor oohoront modniatlou/di'inoduiat Ion oi binary VSK, dli- 
toronllaily onoodod FSK, and binary FSK. This is oomparod with dinoroiUlal FSK 
nsiu« tho UHFSK rooolvor .d Figaro 27 and tho nonoohoront IIFSK rooolvor oi Fl«- 
uro 2D. Oohoront dutootlun oi dit t orontial ly onoodod FSK Ronoratod as In Fig- 
ure 2b asymptotloally (larRo K,yNy) results in a small loss (a Eaotor oi two in 
orror probability) wbon oomparod with coherent detection of conventional binary 
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RGR P=CEAE)LJT 






, SYMBOL ERROR PROBASIUTY 



ORTHOGONAL OR' 1 
6l~ORTIIOGONAL 
CODING I 


NONCOMtRENT 

RECEPTION 


•UNCODED 


■UNCODLD 


COHERENT RECEPTION 


A t'omii.ir i fii'ti oi atul utU'tHiiHi, I'olu'rcnl .'im! lU'iu olu'T'i'iil I'l roi 

M 1 1 i os (K ’ 10) (Koinf nl i*tl I lom |.'Hl) 



PROBABILITY 




I'SK. Tlii' il H I i.‘r«.'nl lal (oiu'iul lii>0 aiul ili-i od i opi'i at lonH Jn llit'Mi.' ayali'ma ari> 
tiHi'd 1 ur ri'HalvIUK. 1 lu^ 1HI)“ pliana amhluuHy lulu'ianl In i'anlt'i' irai'kliiH lt>i)pH 
lor Mupi)i'«'HfU'il lai rlor hluary imululal Umih, I'SK, A lurllior loan oiu'ura wlioo 

Llio il 1 1 I oroiU lally rooolvor oT Kip, on' 'il la oaod wtlli tlio Dlll'SK moilulalor 

ol Kljjoro 2(i. Kloally, t lio KSK lIovi'h i'orroHpoiiil lo HKSK wlioro I lio two touoa aro 
ort liOKonal . 

A.O K'arwari! l\rror ik^rr.i'yt loo 

In Sliiomon ( 111 I tral aliuwoil that It la poMalljlo t\) aoml data ovor a 

nolay roumumloal loo rhatmol with arhilrarl ly amall orror probab 1 1 1 1 loa as ionp as 
that data rat o Is loss l Imn tbo "rbanno! rapai'ity." This ran bo aobiovod by I Irst 
onoodlup, I bo dat a soqnonoi' Into oodoworda and at tlio rooolvor dooiuilnp, tho rooolvod 
I'hannol out pot symbols liaok Into a data socpu'iioo. Only In tbo last ton yoars has 
Shannon's I'l’omlso lu'pon t») l>o roali/od. 'I'hls was part ly iloo lo tlu' ilovo lopiiii'iit 
ol tbo Vitorbl alp.orllbm | U! ] wlHob laipi’lbor with modoralo slzo oonvolnl tonal 
null’s provi'd to bo ipi 1 1 o ollootivo tn oor roo I Inp. obannol onors. I’orliai’s inoro 
important was llio ovointion ot tbo so 1 Id-st at o olootronio (oobnolop.v at this saino 
t Inio tliat allowod tnoroastiip, ly last and oomplox dlj’ilal lU'ooi’ss I itp, that was nooos* 
saiv to implomoni tbo olalunato toobnli|nos t liat oodinp, iboorv dovolopod In tbo 
yoars sinoo Sliannon, 

Today oodlnp, t oolin i ipti's aro nsod oxt I'liii I vo 1 y to tmi'iovo t l\o por t oriiianoo i.'l 
ooiiminn ioat ion systoms. Foi tho most part, oodlnp, lias lioon nsod with oidioronl 
ItPSK ami modulal ions and nsnally as an add 1 1 ion to an oxisllnp, svslom to 

liujor ilio liit orior probabtlilv. ilowovor, wlion dosipninp a oomnmn I oat ton systom, 
tbo oboioo ol oodlnp, and modnlatlon loobnl«inos slioiilil bo mado top,otlior lo .lobiovo 
ovorall bottor porlormanoo I Vt | . Snrpr i s i npj y , tbo modnl at ions yloidinp, tbo 
smallosl nnoodod orror proliab i I 1 1 I os aro not always tbo host modnl, at ions wbon 
nsod top.otlior with oodlnp, . 

In Ibis soot ion wo I list oxamino tho most oommonly nsod oodos with ooboroni 
1'd‘SK and tjrSK modn I ,il ions . Tbon wo dlsonss ;i svsiomalio prooodnro lor ov.ilnat tnp, 
modnial ion l oohnl ipu'ti that will bo nsod top.olbor wltli oodlnp,. 


/i.\ 


tloUhni M*uIi‘1h 

KfiMll llial tor IU*:iK imutnlal li'ii I lif bit I'or |Hi>bal)mty Itt f.ivi'ii by 


I' 


b 



u .A.n 


who.a. K IM llu> on-rny 1-r >la.a bh cU.-rlui. llu- Hl'SK u.odnlator. Tbl. bH 
ona.r j-n-bablllty (M ou vo In I'iKur.- I'D may noi bo amaU onouf.!. lor aorio 

UMtM'ii ami ao wi> mli'.bt t onaldi’r 1 bo opttona! 

(a) Inoroaao pi>wor 

(h) Im'i'oasi' symbol, ilurat lon. 

o! tboso bavo iho oltoo, ol I.uToastnr, K,, vbioh would lowor 1 ho bit orror 
probabtlllY. Anolhor possibility Is to introduoo oodlnp, to oorrool orrors 
.ausod by iho noisy ohannoi. iloro wo oan dooroaso t ho bl. orror probabllitv by 
koopUn- K,^ um-banp,od but at a oosl ol moro dlp.ltal prooossiup, at Iho transmit tor 
in ilio torm ol an onoodor a.td a» Iho roooivor In tho torm ol a dooodor. 

aono prior to moduiallon whiio doovKllup, lollows domodulation 
as shown in .■’ip.uro lA. I'rom a oodinp, point ol viow, tho portion ol tho sys.om 
bolwoon tho Input to tho modulator and tho output oi tho domodulalor Is ro,.ardod 
,1,^, .Vaulini- obannol." For UbSK and Ql’SK modulations wo havo tho oodlnp, ohaunol 
nuHlols shown In Ftip.ro IS. I'or HPSk tho probability r. ol making a ohannoi orror 
(rotorrod to as tho orossovor probability ol tho binary symmolrlo ohannoi iUSt:)) 

is j’lvon by 


- g 



u .A.D 


whoro K Is tho onorpy por oi>dod l>lnary 

i' 

tho Hl’SK bit orror probability but now i 
lator is a oodod bit wbioh Is an output 


symbol . Ni'to that this Is Idont l«'al to 
'aoh binary symbol onloi Inp tho Ul’SK modu- 
ot I lio ohanni'l onoodor . 


Koi 


Tbo v’hannol isioodoi takos 
tho Hl’SK ohanut'l tlu'so would 


data bits and outputs oodod ohannoi symbols, 
bo binary symbols wlill*' tor llio t)l'SK modulat ion 
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tiH'Ht' iuo A- ary aymbolM or palra 
fajiah 1 I 1 1 1 c!i , somo rotlim'laiu’y la 
roilluK cliauuo! wo <lol (no I ho o*ulo 
ili'l luotl In him por ooilod olnninol 
dat a hit and onorpy por oodod hi I 


ut hlnary nyinhola. To aohlovo orror oorrootlon 
Inirodiiood hy i ho oliannol ♦■noodor. For liu' HFSK 
rati’ aa r l>lta/o(uUH! hit whllo In ^i*tu*ra] i la 
aymhol. For UFSK inodutai Ion I ho ♦■norpy pi-r 
an' ro1 at od liy 


F 

0 


rF, 


U 


h,?. ( halos 

It look Codoa rotor ti) tho onoodln)', loolml(ino whoro K data him aro oollooli-d 
hy llio onoodor and i lion a "hlook" ol N oliannol aymliois avo aont ovor tlio oodlnp, 
ohannol to voprosont tho K data hlls. For tho binary ohannol In Fl^nro tSa, \>;o 
mi|-ht liavo an r - .* hlook oodo witli K = T and N - h (soo Tahlo T-!!) . 


Tahlo 1-2. 

A K-T, (i hlook Codo 


data hits 

channel hits (codewords) 

000 

000000 

001 

0011 1 1 

01 0 

010110 

01 1 

011001 

100 

100011 

101 

101100 

110 

110101 

111 

111010 


Koopinp, r - ^ w- miRlit have a node with K “ 6 and N ^ 12 or possibly K = 12 and 
N - 2A. In t'ont'ral lor a lixod ratio r " K/N wo ran adilcve smaller bit error 
probabilities as we Increase K and N in this proportion. Tills is true as long 
a.s the code rati* r is less tlian cliamiel capacity. For tlie Itinary c.iiannel oi Fig 
lire 15a tlie oliannol capacity Is [1) 

t: « 1 4 t log^e 4 (l-e)log^(l-c) bits/coded bit (1.4. A) 

*Tlie Ql’SK coding channel Is equivalent to two Bl'SK coding channels. 
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A pr(u-l It'fil ly iiun-i' Import ;nU parmnotor i\mw oluimu*! ooparJly la Uo’ rh.aiVV'l 
i-i,tol.!. nil i> I'j, (alHo rol orn-.l u. an o,oiiuiu|,ai iona.l J » 

Hoqu.'ul lal dormllniO whU'h Tor Ihla rhannol la plvi-u by M] 


1 ~ hp 


-t >Al bltH/l'iuU'll 


bit 


(1 .A.'O 


Tbia la akona-boil In I'Mpnro U.. In p.onoral wo can alwaya Mml oodoa oC rate- r 
and blook lonp.tb N (K-rN) anob lliat tin- probability of a Uaui bll orror at tbo 

1 'i'i‘i'lvor la boniubal by 




(1.4.6) 


Tliia bit orror proliab 1 I 1 1 y bonnd is shown in Ftpuro M aa a Innctlon oi r^j/r 
lor v.arlous vatuoa oi K rN. Cloariy aa Urn,- aa r< r^j w*> ran aohiovo aa small 
a bit orror prol>ability ar. doalrod by oboosiin' larpo oiionj'li vaini'S oS N. 
imrortunalolv Iho prorossinp romploxity C at iho oiu’odor la ronj-biy 


j-N 


(1.4.7) 


Today, dii'.ital proooaa i np r.apabiUtlos and t lu- apood oi oompnlat Urns is 
.apidlv inoroaainp so that wo aro ablo to dovolop oodinp syatoiiis with ovor 


i lU’ roaft i up, blook lonj’dhs N. 


/(. 1 Convolul i vMia 1 thuU's 

l-l,,, K - 1, and N ^ t> blook oodo sliown in Tablo 1-.I ran havo an 

onoodor illnsiratod in Fipniv hSa. lloro t lio tbroo data bits aro alilllod into 
, 1 ,^, or disorolo dolay lino and t bon ibo oodo awitoboa oloso 

,.„,n tbo N a bits tliat torn, t bo oodoword. Tbo bottom disorolo dolay lino 
i,, shiMod out at iwioo tbo data rato. Mat bomat loa I I v , tbo (, oodoword bits 
y i\ \ s .X 1 at o IvUinod t torn tbo I data bits u " (n|,n.,.n ) by 


u c 


U .4.b) 





BOUND ON BLOCK CODED BIT ERROR PROBABILITY 
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wh*'Vi‘ 


(i 


'10 00 ir 
01 01 10 
.00 II H . 


( I .A.O) 


Cluif.s I IUt> (Ilift wilt'll* nil I'liili'woi'iOi MVi' mi'Vi'ly lliu'ar t'Diiililuat Ioiih o1 K vow 
vi't'itirti til a "ni'iifraior iiinii lx," an' I'allft! ‘■‘tili'.a. IU'hIiIi'ii having a vi'iy 

.sliiiplf fUfoiliT stnii'ttin', ihi'Mi' fo.U'a liavi' tin* propt'i’ly llial (In' miuiiilo'-;’ huhi oI 
aiiv iwi) t'luU'warii.'i l.'i aiuit lit')’ fotU'wttrtl ■ 


Sui'poMi' nt'Xl , as sluiwn In l'’l)'iin' ‘UMi, wf alilll nnly two ilaia bilH Inin llin 
lop tliann'li' Onlay linn lu'lorn nloslnp, (hn awltnlins to lonn a noilnwofil ol (> blla. 
It wn n.’l.oai' t bn Mwtlnlu'n nvi’i'y l.liiin two data blta arn Hbllli'd in, l.!u' .1 1 'l I '•iikihL 
twit nodnd bits nnvn.r ^nl slril'lnd mil: and ibns wn nan nlimlnaln Lbn Iasi two n.odnd 
bits, Nnxt, snpposn tlin swltnlu’s arn nlosnil nvnvy tliun a data l>li Is sbllind in. 
In this nasn only two nodnd bits arn sbil'tod out bnl'orn. tho swUnbns nlosn apaln. 
llonnn, wn nan lorunt all but tbn rlybl-most two addors. 


Not inn that in I'ipni'n l« al l nnnodnrs bavn outputs that dopnnd on at most 
K ** I bi ts. Till' nnnoilnrs ot Kl>pit‘ns IHb and JHn , hownvnr, no lonj’i'*' bavi' output s 
that naturally snparatn into Indnpnudnnt blocks or codewords of N " 6 bits as In 
the encoder of Vl^nrv 3Ha. These encoders arn called nojiyoluUm^^^ |ll 

and generate c o nv o 1 u t tonal cmit\s. 

Convolutional codes cannot be simply described by listing for each K dat;j 
bits the corresponding N coded bits as in block coding, lor the convolutional 
code of Figure 38c, for example, it is more convenient to show tlie encoder as a 
finite state machine (l-'SM) described by Figure 39a where the state of the encoder 
Is the previous two data bits that are shifted Into the encoder and Is denoted by 
S - encoder state transitions are described by the state diagram of 

Figure 39b where dotted lines Indicate a "J" data bll entering the encoder and 
llu solid lines correspond to a "0" data bit. The branches are labelled with the 
two corresiionding coded bits that enter the coding chaunei. Anothi'r description 
ot '.he inputs and outputs of the convolut lonal encoder Is the tree diagram ot Ki,*- 
uia,’ ''♦0. Hi'i'c the branches moving up on the tree I'orresponds to "U" data bits an 1 
along the branches we show the coded output bits ot the encoder. Note llial p.ii ts 
of the tree are Identieal to other parts of the tree. This observation allows ns 
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Lo „««. Ilii. «»iif .■UII111I.. U (.irm or the tw Jlimrniii loloiroil to ati a lrolU» 

Ji.WnM. «l>owo In n»...o ""111" l« al.o » H.»o »o<|.k».oo 

i-fpv.'rtt'nial Inu of t!u‘ faat** (llaHram tT riiiiu t*. l‘Jb. 

lUM-auhO 01 tlio "oouvolvo.r *U*p*'ndoiu'o of I oncodoi out put h 

on tho (lai n bU«. I bo |uTl on»anoo of .amvolnf ional oodori fonda fo bo boUi>r fban 

lliat. ol oorroMpondliiB «“>' ’’ 

K IN. Tbia may aoom aurprlahm .‘'nioo (,bo onoodov sfruotnro lor fbo oonvoluf haw. 
oodoa of l•lp.uro U) l.mkH Himplov fban Dial, of fbo blook oodo. 

Koi- fbo m'SK-p.onovat od ood lup, obannol of KJ^tn'o uHlng oonvolullonal 

codoa ol rafo r ami data bit luomovy K - rN, tboro oxlat oodoa wboHo bU orrov 
probablUfy HatlHl'ica Lbo bound 


TO:3\' 


( 1 . 4 . 10 ) 
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KlHuro 41. TroUia DiaKram for Convolutional Emodcr 
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4?. tiu. bli iH-rat bmmd pt (I. ',.10) ,w p f.mPUon nf r„/,r )-ir 

vulupp K. C.™,,.... tuf, MllutPB V PP.1 A2 wp obpprvp vpHflppH.m Pt tbp 
l.rPVlpuB BIPI lb,.. , tp.- Ihp damp ratp r ,md dnl:p Wt *-.>ry K ubP po.wolb- 
ttoib\l cpdoB RibiorbUy biiVP rnimUpt lilt wroc lu-nbPbJ UU ps tlmii bJpcK updu». 

Tbp 0 l>tlnmiu dpopdhm Pt o.puvuluUoluil . du bP dpiw iwtiiB tlw VJtPrbt pIsp- 

rjvbm Vblph PIMP UP P‘> tbP PtJPt “f "IbP'-'bb™ 

pj.l ,.pt;U» in tliP tipUlP d)p|.,rp™ ui: 1 'Jbppp 41 wUIpU rwiPibPM '““Bb’y 2 pppiipUp- 
tlipw 1>P1- dui>tb lnt<i tlip u-pIUp. Uoupp. 1>' pui»liPri>M'. blopk codPM witb cmivalu- 
tlpiip) ppdpp fpi- Lbp PP1.P complpbUy wc Bbpuld UHP tlip BPinp rpM r and dpta bit 

mumory K. 

As mentlrnuul car.Uc,r. one of tl.u roasons oodinfj flrnU bcoamu prm-.tlcal was 
th.^ fact that convolutional codoB with Vltcrbl dccodinr. wore quite effoctivu for 
valvics of K that wore mana«ctal>iu from a complexity and speed viewpoint. U.sini- 
romputer searcli too.imitiues, good convolutional codes were found by Odenwalde.r 
I Ml for values of K up to 10 and r « and For the best convolutional 

codes o)’ r “ Figure A i shows the bit error botmds. 

Convolutional codes can also be decoded using a tree search algorithm 
<.alfcd sequent ial decoding H). Indeed, sequential decoding preceded the dis- 
covery ot the optimum Viterhi algorithm by abotit K) years U'iJ. Tlie computational 
complexity ai setpieutfaJ decoding is iusensitive to the encoder data bit memory K, 
but lias a random amount of coinpntatlon per data bit that cun cause buffer over- 
flows at the receiver 11 the algorithm is spending loo mncli time, searching. 

Since large K Is possible, the decoded l)Lu error prolkabil Uy using sequential 
<lecoding is quite small. However, with not so small a probability, any receiver 
data buffer storage will overflow and data wUl be lost. Witb ever increasing 
computational speeds .and larger buffers .available, sequential decoding is 
l>ecoming more comiiuuily test'd in practice. 


A. A Soft heels ion jK'yoding 

Up to i.ltls point wc have asstmicd that the coding channel as shown in 
llgtirc lA is clct ined 1 torn Lite Lran.'tmUter ' s modtilalor Inpttt to tlie rcct:ivor's 
demodulator otilptil. For IM'SK modtilation this results in the binary symmetric 
channel of Figt.re 33a. In general ft>f any M~ary modulation this would result iu 
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BIT ERROR PROBABILITY BOUND 






a cotUviK clmnnol that has M 1 uihi|:h and M outpuUa sutdi aa the M = 4 Ql’SK mediilatJou 
eedJ.np, ehaoue.!. of Figure 33b, 'J’heae codlug I’liaunei.H are eaXled "liard deelHlon 
ehmuu'l a, 

Wlieii the aet of itiodulator input M-ary aeiiueneea nri- reatrii’t<‘d to be coded 
ae(iuenc(‘a , improved perl orinane.e can l>e nelrloved hy ualng tlie radio cliainu*! outi)Ul 
atatiatica before the demodulator deelalon circuit. A coding chamu'l that 
directly uaea theae. chanue-.l output variablea priori to any demodulator diicialon 
circuit i.a cailed a "aoft duci.alon" coding cliamnil. Conaider HFHK modulation in 
an additive white (iauasian noiae channel, Aa ahowu in Figure 44a, thia channel 
can be modelled as one with an input of i /ji and an output y consisting of the 
input plus a Gaussian random variable n. With a bl’SK demodulator a decision is 
made based on the sign of y resulting in the equivalent binary aynmietric channel 
shown in Figure 44b. 

Instead of "hard quiintixing" the channel output y to obtain the hard deci- 
Klon coding chann.'l of Figure 44b, suppose we now assume y is the coding channel 
output. Under this assumption, we then have a "soft decision" channel with a 
cutoff rate given by 


* 1 - log2 


-rE^ 

1 + e 



bits/coded bit. 


(1.4.11) 


This soft decision cutoff rate yields Che same cutoff rate as the hard decision 
channel (see (1.4.5) together with (I. 4. 2)) with approximately 2 dB less 
Tims, in terms of overall performance for BP.SK modulations, the soft decision 
channel results in approximately 2 dB better performance than the corresponding 
liard decision channel. 

In practice, it is difficult to work with real numbers such as the channel 
output y if lots of digital processing is required. Typically, y is quantized to 
8 levels or 3 bits as shown In Figure 43, wliicli is drawn for the specific case of 
a liard lii^clsion cluninel crossover probability i = .00. In general, 3 bit quantiza- 
tion results In only appn.xlmately .1 dB loss compared to no quantization at all. 

F.xamples of the bit error probability versus for various rate 1/2 

eodes are sliown In Figure 40. These are all for the BPSK coding channel with 
elltier bard or soft decisions. Tlie Colay and Quadratic Residue codes are block 
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Figure 45. 3 bit quantized BPSK coding channel; € = 0.06 



BIT ERROR PROBABILffY, 


= 41, SEQUENTIAI., SOFT PECISION 
K = 7, VITERBI, SOFT DECISION 

= 7, VITERBI, HARD DECISION 


K =* 5, VITERBI, 
HARD DECISION 


10 


(23, 12) GOLAYCODE 
SOFT DECISION 


CUTOFF RATE | 

'limit (fQ = 

(SOFT I 

DECISIONS) I 


2 f 3 
2.46 


I 


■(48, 24) QUADRATIC 
RESIDUE CODE 
(HARD DECISION) 

^(24, 12) GOIAY 
L CODE 

\ (HARD DECISION) 


•UNCODED PSK 


„J^.\ iJx 

6 7 

Et/Nj, dS 


Flsurv At). Bit error probability performance of varloue rote 1/2 codea 


paramoUTJ/.iHl by (N.K) wluMt- tharo are M - 2*^ eodeworda of block l.enfttb N. 

Tlu‘ reniainliu’, curvcH ab.ow v/ii loua convolnl tonal muloH w!(b Vlterbl decodlnfi and 
ao<|.uMitlal ilceodln^^. 'I'be uncoded lU'SK cnve la ala., ahown. In Kinure /.7 we cm- 
pan* ratea r - \ and r = \ lor varloua eonv.. lot lon.al codea. Note that at bit 
,.n-or ralea ..I !()"'“ th.-r.* la A t.. / dlt in to be t-alned by applying currently 

uaod h.rward error correcilon .•...llu)- tecbnl.ptea to HVSK inodulai Ion. Complexity 
and ape.al r.ap. 1 rementa determim- tl.e choice ot the partl.u.lar codtn^t lechnl.iue. 

Tin- i.erlormance ol commer.'i al 1 y available ae<iueni ial and Vlterbl decodera 
la tabulated in Table l-:i. blaled here are the valuea In dll that are 

required to achieve the pi veil bit error probabl lit lea . Theae. are compared with 
the valuea tor uncodetl lll’SK or ()1’SK uiodul atlona . 

^ lied iij jit il'XiL i kJJlillLL 

For the moat part, codius teclmliiuea have been used with liPSK and QPSK 
modulatlona. In particular, the coding results presented above assumed only 
these two modulations. If, instead, we use any modulation technique but only 
consider the end-to-end modulation bit error probability P^^ (as discussed in 
Section 2), then we have an equivalent binary symmetric channel as in Plgure 35a 
where c = P^^. With this substitution all the hard decision coding curves can be 
applied with slight modifications to reflect the new relationship between e and 
E /N through e = Another approach is to compare the Ej^/Nq differences for 

affixed c = P^ for the various modulations of interest. The hard decision coding 
curves of Figures A6 and 47 would then be shifted by the same amount. 

A more fundamental approach to examining the impact of coding techniques for 
various modulations Including all types of hard, soft, and quantized channel out- 
puts is based on evaluating the cutoff rates for these various channels. Consider 
any modulator input alphabet and coding channel ou^.ut Here is typically 

some M-ary alphabet and ,v/ is determined by the channel outputs which are typically 
correlate, outputs followed by some quantization. The coding channel is then 
characterized by the conditional probabilities p(yl x) ,yc -y These can be 

obtained for each type of modulation and channel correlator oul.ut quantization. 

The cutoff rate is defined as 
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RATE » 1/3, K - 41, 

SEQUENTIAL 

^^RATE - 1/2, K ^ 41, 
SEQUENTIAL 

^^RATE 1/2, K ■= 7, 
VITERBI, SOFT 
DECISION 

\ ^^RATE 1/3, K “ 7, 
\ VITERBI, SOFT 

DECISION 


rate 1/2, K = 7, 
VITERBI, HARD 
DECISION 

^RATE 1/3, K = 7, 
VITERBI, HARD 
DECISION 


UNCODED BPSK 


Ej^/Nq, dB 

A coTO.rUon of the bit error probability performaocee of rate 

1/J. hard and .oft deelalon vlterbi and ee<inentlal 

decoders 



Table 1-3. Perforniance of Comiaercially Available Sequential and Viterbi Decoders 
{Information Courtesy of Linkabit Corporation) 



2 Bit Soft Quantization 3 Bit Soft Quantization 

Decoder Speed - K = 7 Rate 1/2 

75 Mega Coraputat ions/sec K = 9 Rate 3/A 

Main Memorv Size; 6K Bits 


■ - min 

q(x) 


ioR;^s[5:t|(x) /p(y|x)j 


hltiH/cpdnd bit I 


(I. /♦.!;>.) 


Wn liavt' nl rnaUy hpou that for bl tu'k nodon, iboro ox I ni oodon of rat o 
r bltH por uhannul wymbol boltniKlnfj to /if’and bliH’k louHlb N Hitoh that tho bit 
urror probablUl.y iti bomulod aa In (i.^t.b). Similarly, an a Koiiorall/.at Ion 
of (I.A.IO), thorn exint oonvolnt ioiial oodoH of rato r - b/n wliono bit tn’ror 
probability has tho bound 


wlioru 


-Nt'Q 

^ A(b,n,r)2 


(I.A.rt) 


N “ nK 


A(b,n,r) = 


2 ^’ - 1 




K =• couatraint iungth 


(1.4.14) 


Honce, for any modulation there exiat codes that have bit error bounds identical 
to those for the BFSK modulation where the only difference is tlie value or r^. 
Thus, using the versus e curve for BPSK (Figure 36) as a baseline, we cun 
measure the effectiveness of coding with other' modulations by comparing their 
cutoff rates, as computed from (1.4.12). 

For coherent MFSK with soft decisions, we have the cuto) f rates illustrated 
in Figure 48. As 15 ^,/Nq increases, it is clear that higher order alphabets yield 
higher values of cutoff rate and thus higlier coded data rates. For uoncolierent 
MFSK with hard decisions, similar rpsults are Illustrated in Figure 49. 

For the CFM techniqueH, it is important to normalize with tespc<t to some 
conmion bandwidth. In Figure 50 we use the 99% handwldtli criterion del ined by 
(1.2.8) with tlie equality sign. Tills shows the use of a rectangular filter 
for several modulation Indices, h, nlplialicts, .V, and pulse memotv length, I., 
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r 
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cutoff rate fox MPSK 









'jO. Tq versus signal- to-noise ratio for coherent, maximum 

likelihood demodulation, 99 percent bandwidth, 
rectangular filter (reprinted from [16]) 
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ill nyrnhols, TliP cutoff rtttoH hero have been normall./ed hy tlie handwidth and 

an Hue.h arc nteaHured In bita per aecond per U?.. It la Import ant to note In 

this figure liow eloae theae CPM technicpiea are to the. theoretically maximum 
A 

value denoted r^^ even thougli theae slgnala are reatrlf l ed to have conatani 
enve] ope , 

If we were, to Impoae the more reatrictlve. I’CC bandwidth eonatrainta dio- 
cuBBcd in Section 2.3, thou the cutoff rate paramoterB for rectangnlar, triangu- 
lar, and rained cosine filters are shown in Figures 51 through .53, In these 
figures the curves are labeled XZ5tY where 


Y “ L, pulse memory in symbols 


ZZ 


RE, rectangular pulse 
TR, triangular pulse 
RC, raised cosine pulse 


X 


i, h=n/2,.^/“ {0,±1} 

' 2, h"ir/4,o!/- {0,±l,±2,+ 3} 

3, h=Tr/8„.j«?= {0, + l,±2,±3,±4,i5} 


(1.4.15) 


4 . 6 Concatenation of Codes 

Although in theory it is possible to achieve arbitrarily small coded error 
probabilities as long as the data rate is less than the channel capacity or cut- 
off rate, in practice we are limited by the processing complexity and speed re- 
quired in channel decoding. For this reason convolutional codes are generally 
limited to constraint lengths K 5. 10. To achieve even smaller error rates with 
forward error correction codes, Forney [36] proposed using a concatenation of 
codes. 

Figure 54 shows the moat popular form of concatenation of codes. Basically, 
tills approach is to now create a new coding channel as iti Figure 34, only here 
the new coding channel begins at the input, to a convolutional encoder and ends 
at Llie Viterbt decoder output. The convolutional encoder with the Viterhl 
decoder that lorm.H part of the new coding channel is referred to as tlie "inner 
code." This Inner code does not have to he restricted to a convolutional code 
with a Viterhl decoder. Likewise, tlie outer code does not have to be a He.ed- 
Solonion code. However, these are the most common types of Inner and outer codes. 


C -4 
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l'M«uro ') 1 . Tq versus signal- to-noise ratio for coherent, 

maximum likelihood demodulation, FCC bandwidth, 
rectangular filter (reprinted from tlh]) 






bits/se«v^2 





EQUIVALENT REED-SOLOMON CODE CHANNa 













Till' Imu'r luiiii' redui^'H llu' I'rror pmliahU J t. Inn o1 tlii' I I rsl (‘od ln^ I'hmmul (huu 
l•'^nurl' !J/0 wliii'li I'miHlulH of thi.' modulator, radio I’limmol, and domodulator . Thin 
Llu'u I oriiiH a now ood inp. eliannol. l or anotlior "mil or oodo" whioh ran l urtlior rodnoo 
l.lu! urror rato. Thun, wo oan uho tlio moat poworful avallablo oodinp ayatomH ami 
rodnoo orror raton by oonoatonal ion of tlioao oodoa. 

b’iguroH ,‘>3 and 5b hIiow how diH'odi-Hl bit. orrora out ol a Vitorbl decoder 
tend to oi'o.ur in burata of varloua longtlia. Here wo aaaumo the 151’SK or Ql’SK 
modulation with 3 bit ipiantlKat Ion. tJonerally, tlio decoded bita are error free 
for a while and then when a decodinii bit error occurs the errors occur In a 
burst or strlnjj of lentjth 1.^^ with a probability distribution that is {'oometric 
[37], i.e., 

Pr{Lj^'‘ni) * p(l “ p)"' ^ ; m = 1,2,... (1.4.16) 

where 

P = } (1.4.17) 

’'b 

ami r.j la the average burst length in data l>lta. The waiting time, W, 
between Inirsls lias the empirical distrihutlon 

l’r{W - III , 11 " Kil.Kl-L’,... (I.4.1H) 

wile re 

, i . (1.4.19) 

q = ~ . 

W-K-i-2 

In (1.4.19), W Is the average wail lap time and K Is attain the convolut tonal 
code constraint it‘iip,th. 

lly clmosliig .1 Reed-Solomun (RS) outer code we can take advaiita>;e of the bursty 
natuii' ol l he hit errors mil i*t the liiuev ccJe. RS codes use hl^'hi't order <|~ary 
symbols where typical ly <[ ~ tor some liite^i'r m. lu most applications ra " H (<j 
.!'>(>). Rv takiny, in - R bits to totin a stiip.li' (|-ary symbol, a burst ot erriirs In the H 
bits icsiilts In t'lily one q-ai y symbol eiror. in this way we lend to reduce the Im- 
pact v)t hit error hursts. In I'ip.ut'e we show t lu' conversion ! rom q-ary symbols to 



NUMBER OF BURSTS 



Kl^>"rt' II Istnnr-uii ol biiiHl U'lifUlis; VItt’ihl lU'i'mlt'il i-onsi r;i i ill. 

h'n^lLh 7, r.'Uf 1/2 i-onvi>lul lonaJ tuili'; /N . ~ l.O 
(I'oiirti'HV of R.H. Millt'i-, ,11’!,) ' 
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LENGTH OF ERROR BURST, 
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J 

‘)t>. Illstogjiim of buiHl Ii’iikIUh; Vltoihl tUu-odi'd ooustraint 
longtli lU, rato l/ i foiivolui loiia.l code; *'*i = 0. /'> 

(courtoHy of K.lf. Miller, .ll’l.) 
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MtH and Inu’k aai-tln for tin* ci)dlnB ehaminl of tlu> IW oiiior t-odi*. in addition, to 
avoid Imi’HtH of q-ary aymbola wo may Introduno intovloavota and doJntorloavora to 
pi’oviilo a iiuMiioiry 1 can (non'-burnty) (i-aiy ooding olianuoi lor Ibo Ub oodoi 


An montionod abiivo, tbo moat o.ommonly omirloyod KS oodo lian m “ H (t| Z'lb) 
and a blook iouBtli of N " <i " I " q-ary aymlujln. ‘I'o bo ablo to oorroot up 
to t - H) q-ary nyniboln wo olacno tlio numbor of da'ta q~ary nymboln to Ito 
K - q ~ 1 -- 2t - Tlmn wo bavo (2S'),22i) biook ood.> nnln;t 2')(.-ary symbol a 

tbat can oorroot up to t - lb symboln. This in oqnivali'iU tt> a (20^1), IVUA) 
l'l(n'k o.odo that o.an correct up to t 12H bits in ona)r an Ioub an t.hono bits 
arc confined to at most lb q-ary nymboln wliorc q " Zib. 


In kiguten .‘)7 and .')8, wo nhow the performance of tlie concatenation Hyntem 
with no Interleaving lor two convolutional codes with Viterbi decoding. Ideal 
interleaving is annumed in Figure .‘19. These curves show the current l.y most 
powerful (non- sequential) c.oding te.clinique available. Secjuentlal decoding oi 
convolutional codes with large constraint lengtiis can also achieve similar per- 
formance but with tlie possihllity of losing data due to buffer overllows. 


5 . 0 


All the results presented here have assumed 
Hansslan noise cluuuieJ. of Figure 2a. In practice, 
and telephone cables, the I'eal chaiinei can be more 


the ideal additive white 
for terrestrial radio links 
accurately modelled as the 


Interference 


channel of Figure 2b, whereas for the satellite links, wv. havi; tlie 


nonlinear channel model of Figure 3. Partial results for these more complex 
channels have previously been obtained primarily for the simple BPSK and QPSK 
modulations. These results along with those for more sophisticated modulation 
and coding techniques employed on these more generfil channel models are the 
subject of the next parts of the report. 


In the meantime, the results presented here for the Ideal additive white 
Caussian noise channel lu .e provided us with insiglits Into choosing modulaiion 
and coding techniques for digital tervi-strlai and satellite links and ailvw v>s 
to draw the following conclusions! 


(al 


Mednlatiou and coding ought t<' he jointly optimized rather than 
separatt'ly si'lected as is too of ten done toilay . 


PROBABILITY OF ERROR 



Klgiitt' S7. Nou-lutt.'i U>avt>d pt'iM oimatu i‘ slat lat h s lot concatcuatfcl 
coding sclu'iuo assuming; no systoin lossos; (7, 1 / 2 ) I'onvo 
lutloiial t'odt' (repr full'd f rom |)7)) 



PROBABILITY OF ERROR 


7461776427 (10, J) CONVOLUTIONAL ' 
CODE AND 

(255,223) REED-SOLOMON CODE 

8 « VITERBI SOFTWARE DECODER 
GEOMETRIC MODEL 


REED-SOLOMON 
BIT ERROR 
PROBABILITY 


— REED-SOLOMON 
WORD ERROR 
PROBABILITY 


db 


■iH. Non- intofU'avi.'d iu>r t uimam'k> HlattBtiiia lor coiieatoaotod 
cocUiij^; schi'ini' aHsumiut’ no HysLnin lossns; (U), 1/:J) con- 
voluat lonal rodi.'. (rnin iutod liopi (371) 




PROBABILITY OF ERROR 



I'iK'H'i' lA'iiiimrisoii ot coiioat I’tl iliamu'l ilivtuli-i Ml rail’s lor 

si’Vi'ial I'unvo Itil 1 oaa 1 tiiiior rovlos ami a Roi’il-So I omon I ) 

oiilor I’oiU’ wlLli lili’al i iiU'r Irav i an ansumluK m> aysti’iii loara’s 
(ri'pr Int ml I rom | 17 1 ) 
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(b) unyplupu iiunUilal J ouh, purtlculurly tht-' typt’H, 

I J It t^T/uonllnMaril y U iHtori lonn auU sliuulcl lu* tiacil wH b uniil liu*/ir 

' dmimula Huu’h an clmiUHvlH, 

» 

(f) (UJiiMuiiimn pliaHt' inodul aMmiM (dl'M) aa» arl»Ii^vt> ImmlwUUh r».*(|iili'i'iiu'nl a 
* (‘)y% 0)' I'CHl) wllliont HI'' (lllt'i’InK. Tlu'Ht' I'ountant t«nvt>l(ip»' alj^aalH 

k 

k'.au acliU'Vk' with coiIIuh hat; rtapih’i* yuiitplMX illpjlal 

pvoi’t’NalOK at tia' raatUver. 

(d) (‘'MivoIalJoual yodliiK with Vltarbi dfcodliirt nan unnal,*/ |ii'uviilo mk'quati* 

L roduction In hit nrt'or ratea with mluJinal (•ompit’xity. Now (•oiiv(ilnU«ma,l 

c'.udtiH, iKiwnvnr, nmat hn i'iiuiid Tor uhi' with (Il'M, 

(u) Very low error ratew ean he achieved in practice with Hcciueutial 
decoding, ol lonjt couHtraiat length convolvitionul codes and with 
concatenation oi codes. Speed, buner overilow, and complexity limit 
these appl icatioiiH. 

(i) The rapid evolution in solid-state electronic technology will ecntinue 
to have a big Impact on the design ol commnnlcation system, s. Tliit! 
will likely mean that Ol’M and more power lul coding teclmiqm'.s wlM 
become more commoniy used in coimminicatlon systei' s to .ichicvc lilphcr 
data rates at lower error rates. 
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